To investigate the phenolic and aroma composition of Malvazĳ a istarska (Vitis vinifera L.) white wines produced by an unconventional technology comprising prolonged maceration followed by maturation in wooden barrels, representative samples were subjected to analysis by UV/Vis spectrometry, high-performance liquid chromatography, and gas chromatography-mass spectrometry. When compared to standard wines, the investigated samples contained higher levels of dry extract, volatile acidity, lactic acid, phenols, colour intensity, antioxidant activity, majority of monoterpenes, C 13 -norisoprenoids, methanol, higher alcohols, ethyl acetate, branched-chain esters and esters of hydroxy and dicarboxylic acids, ethylphenols, furans, and acetals, as well as lower levels of malic acid, β-da mascenone, straight-chain fatt y acids, ethyl and acetate esters. It was estimated that mace ration had a stronger infl uence on phenols, and maturation on volatile aromas. Despite diff erent vintages and technological details, the investigated wines showed a relative homogeneity in the composition, representing a clear and distinctive type.
Introduction
White wine is most commonly produced with or without short-term, oft en pre-fermentative maceration, applied mainly to obtain more complex fl avour due to the extraction of grape aromas into the must, and to simultaneously keep phenolic compounds at acceptable levels (1) (2) (3) (4) . To achieve and preserve desirable concentrations of esters with fruity-fl owery aroma, fermentation in standard white winemaking is performed by exogenous yeasts in stainless steel tanks, at relatively low temperatures between 12 and 18 °C. Certain alternative practices in white winemaking are also being utilised, such as fermentation by endogenous yeast microfl ora (5) , fermentation and ageing in wooden barrels (6) , prolonged maceration during and aft er fermentation (7) , as well as fer men tation and ageing in amphorae (8, 9) . Their eff ects have been investigated, but independently and sporadically, covering a limited number of analysed components.
Nowadays, in an eff ort to expand and diff erentiate their off er and to increase the competitiveness on the market, wine producers in the Mediterranean countries venture into producing diff erent types of wine by technologies that are far from standard. Some of the largest deviations from the standard white winemaking are expressed through various low-intervention approaches and philosophies, such as the production of so-called biodynamic, natural or orange wines, and similar. Wines pro duced using these approaches, although considered alternative, have become att ractive to consumers, and aft er receiving a lot of att ention from wine experts and enthusi- asts today are a relevant phenomenon. Such wines are also important from an economic point of view, since they usually achieve medium to high prices, mostly because of low yields and extensive manual work (8) .
Such technologies oft en imply many strict rules, including rigorous selection of grapes picked by hand, limited doses of sulphur dioxide, usage of exclusively indigenous yeasts, maturation on lees until bott ling, as well as avoiding yeast nutrients, clarifi cation and fi ltration, treatments with herbicides, pesticides and other chemicals, and any other correction of physicochemical parameters. Unconventional prolonged maceration during and aft er fermentation followed by maturation in wooden barrels are almost regularly included, and are the logical choice because they enable implementation of low-intervention principles such as spontaneous fermentation, clarifi cation and stabilisation, as well as treatment with lower doses of sulphur dioxide. In return, these rather atypical practices strongly contribute to the creation of more particular and distinguished products.
It is reasonable to assume that the mentioned combination of techniques result in wines with quite a unique composition, incorporating characteristics of both white and red wines. The eff ects of maceration known up to date, such as increased amounts of phenols and primary aromas, higher dry extract, and reduced acidity, were deter mined in experiments with short-term, usually prefermentative white grape mash maceration (1) (2) (3) (4) 10) . Published studies that have investigated prolonged maceration in white winemaking are only a few (7, 11, 12) , and the chemical composition of such wines is almost completely unknown.
The aim of this study is to characterise white wines obtained by the described unconventional technology on the basis of phenolic and aroma compound composition. Wines included were produced in the Istria region of Croatia where, aft er Italian and Slovenian winemakers who started such trends, a group of innovative producers adopted a number of the previously mentioned principles. Such wines were compared to standard white wines from the same variety. It was considered that the results of this study, although set in the local environment, would provide a signifi cant contribution to the knowledge about global diversity and variability of technological procedures applied in white winemaking, as well as that of the chemical composition of white wine.
Materials and Methods

Wine samples
Wine samples selected for this study were produced from the grapes of Malvazĳ a istarska (Vitis vinifera L.). Six samples of wines produced by prolonged maceration during and aft er fermentation and maturation in wooden barrels, at the peak of their technological maturity, were consigned by local producers together with the largest part of the production documentation. Grape clusters were harvested manually from vines with reduced crop load, and were crushed and mashed without the addition of sulphur dioxide and pectolytic enzymes. During maceration, mashes were fermented with the action of endogenous yeasts, without the addition of yeast activators, pectolytic enzymes, or any other commercial substrates. All wines underwent spontaneous malolactic fermentation. The majority of samples underwent spontaneous stabilization and clarifi cation during maturation on lees, which lasted until bott ling or at least until the fi rst racking. Clarifi cation of one sample was performed with the use of natural fi sh swimming bladder. Minimum SO 2 doses (< 3 g/L) were added prior to bott ling. No correction of any other physicochemical parameter was conducted. Other details on the production of wines obtained by prolonged maceration and maturation in wooden barrels are presented in Table 1 .
Six samples of standard young Malvazĳ a istarska wines produced by standard white winemaking from grapes harvested in 2010 were collected from the regional market. Basic data on the production collected from the producers through interviews confi rmed that standard practices were applied: grape mashes were treated with usual doses of SO 2 (10-15 g per 100 kg) and pectolytic enzymes (2-5 g per 100 kg). Mashes were subjected or not to short-term maceration with a maximum duration of 24 h at temperatures below 20 °C. Fermentation was conducted with commercial Saccharomyces cerevisiae wine yeasts in stainless steel tanks of various volumes at temperatures between 17 and 19 °C. Commercial yeast activators were utilised. Protein stabilisation (in all wines) and tartrate stabilisation (cold stabilisation of two wines and metatartaric acid stabilisation of three wines) were performed. Six samples of standard Malvazĳ a istarska wines from the market produced in 2009 by standard white winemaking, matured in bott le for a period of one year at variable temperatures between 17 and 20 °C in the dark, in the minivinifi cation cellar of the Institute of Agriculture and Tourism, Poreč, Croatia, were also included in the investigation. All samples were analysed in June 2011.
Chemical standards and standard solutions
Pure standards of individual phenolic and volatile aroma compounds were purchased from Merck (Darmstadt, Germany) and Fluka (Buchs, Switzerland). Stock standard solutions were prepared in ethanol. Working standard solutions were prepared by diluting stock standard solutions in synthetic wine.
Analysis of standard physicochemical parameters and organic acids
Standard physicochemical wine parameters were determined according to the EEC regulation No. 2676/90 (13) . Organic acids were identifi ed and quantifi ed using a Varian HPLC system (Varian Inc., Harbour City, CA, USA) with a ProStar 320 solvent delivery module and a ProStar 310 UV-Vis detector. A MetaCarb 87H 300 column (300 mm×7.8 mm i.d., 5 μm particle size) was used. Samples were diluted ten times with an 11 % ethanol solution, and fi ltered through 0.45-μm nylon fi lters. Isocratic elution with a 0.0125 M sulphuric acid in deionized water was applied. The fl ow was 0.7 mL/min and the temperature was set at 65 °C. Chromatograms were recorded at 214 nm. Acids were identifi ed by comparing their retention times with those of pure standards. Quantifi cation was performed using standard calibration curves. The accuracy of the method was checked by the addition of the solution of chemical standards (each acid at 1 g/L) to a wine sample, and it ranged from 97 to 101 % with standard deviation not surpassing 3 % (N=5). Linearity was checked by analysing fi ve diff erent concentrations of stan dard solutions of each acid ranging from 0.1 to 10 g/L and R 2 >0.9999 was obtained in all cases.
Analysis of phenols, colour parameters and antioxidant activity
The concentrations of total phenols, total fl avonoids, non-anthocyanin fl avonoids and total proanthocyanidins, and vanillin index were determined according to Di Stefano et al. (14) using a Cary 50 UV/Vis spectrophotometer (Varian Inc.). Total phenols were determined using the Folin-Ciocalteu reagent and absorbance measurement at 760 nm with gallic acid as a calibration standard. The concentration of total and non-anthocyanin fl avonoids and proanthocyanidins (high-molecular-mass proanthocyanidins) were measured at 280, 550 and 525 nm, respectively, while vanillin index (fl avan-3-ol monomers and oligomers) was determined at 500 nm.
Colour intensity was measured at 420 nm, which corresponds to the brownish hues resulting from chemical and enzymatic browning reactions (7).
Antioxidant activity was determined according to Brand --Williams et al. (15) . A reaction between wine antioxidants and 0.094 mM 2-diphenyl-1-picrylhydrazyl (DPPH) in methanol was induced and their antioxidant activity was evaluated by measuring the absorbance at 515 nm aft er 60 min at 20 °C in a water bath. Calibration curves were prepared using a Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) reagent solutions.
Phenolic acids and fl avan-3-ols were analysed using the already described HPLC system. Samples were diluted and fi ltered. A ChromSep C 18 column (250 mm×4.6 mm i.d., 5 μm particle size) with an OmniSpher 5 C 18 guard column was used. A gradient of solvents A (water/phosphoric acid at 99.5:0.5, by volume) and B (acetonitrile/water/phosphoric acid at 50:49.5:0.5, by volume) was applied as follows: 0-2 min, 100 % A isocratic; 2-7 min, 80 % A linear; 7-25 min, 60 % A linear; 25-31 min, 60 % A isocratic; 31-40, 0 % A linear; 40-42 min, 0 % A isocratic; 42-47 min, 100 % A linear, and 47-57 min, 100 % A isocratic. The fl ow was 1.0 mL/min and the temperature was 30 °C. Chromatograms were recorded at 280 nm. Identifi cation was performed by comparing retention times with those of pure standards. Quantifi cation was performed using standard calibration curves. The accuracy of the method was checked by the addition of the solution of chemical standards (each phenol at 10 mg/L) to a wine sample, and it ranged from 95 to 99 % with standard deviation not surpassing 5 % (N=5). Linearity was checked by the analysis of standard solutions of each phenol at fi ve diff erent concentrations ranging from 1 to 20 mg/L, and R 2 >0.998 was obtained in all cases.
Analysis of volatile aroma compounds
Minor volatile aroma compounds were isolated using headspace solid-phase microextraction (HS-SPME) according to the modifi ed method proposed by Noguerol--Pato et al. (16) , and analysed by gas chromatography--mass spectrometry (GC-MS). SPME fi bre holder and 50/30 nm divinylbenzene-carboxen-polydimethylsiloxane (DVB-CAR-PDMS) fi bres were NMI-1 to NMI-6=samples of wines produced by prolonged maceration and maturation in six replicates, PD=punching down, S=stirring, PO=pumping over purchased from Supelco (Bellefonte, PA, USA). All wine samples were adjusted to 11 % of ethanol (by volume).
Compounds with high analytical responses were analysed from a 15-fold diluted wine sample. A sample (4 mL) was placed in a 10-mL glass vial. Internal standard (3-octanol, 30 mg/L, 50 μL) and sodium chloride (1.4 g) were added. The vial was sealed with a Tefl on-faced septum cap, and the sample was preconditioned at 35 °C for 15 min. Microextraction lasted for 40 min at 35 °C with stirring (1100 rpm). For desorption, the fi bre was inserted into a GC-MS injector port for 10 min (3-minute splitless mode).
Identifi cation and quantifi cation of minor volatiles was performed using a Varian 3900 GC coupled with a Varian Saturn 2100T ion trap mass spectrometer (Varian Inc.). The column used was a 60 m×0.25 mm i.d., 0.25 μm fi lm thickness Rtx-WAX (Restek, Bellefonte, PA, USA). Initial oven temperature was 40 °C, then increased at 2 °C/ min to 240 °C, and then kept at 240 °C for 10 min. Injector, transfer line and ion trap temperatures were 245, 180 and 120 °C, respectively. Mass spectra were acquired in electron impact mode (70 eV) at 1 scan/s, full scan with a range of 30-450 m/z. The carrier gas was helium (1 mL/ min). Identifi cation was performed by comparing retention times and mass spectra with those of pure standards when available, and with mass spectra from NIST05 library (National Institute of Standards and Technology, Gaithersburg, MD, USA). Linear retention indices (relative to n-alkanes) were calculated and compared to those from literature. When standards were available, standard calibration curves (based on quantifi cation ions) were constructed. For other compounds semi-quantitative analysis was carried out, and their concentrations were expressed in μg/L of equivalents of compounds with similar chemical structure for which standards were available, assuming a response factor equal to one.
Major volatiles: acetaldehyde, ethyl acetate, methanol, 1-propanol, 1-butanol, isobutanol and isoamyl alcohol were analysed by a direct injection aft er distillation on a Varian 3350 GC (Varian Inc.) with a fl ame-ionisation detector and the same Rtx-WAX column. Initial oven temperature was 40 °C, increased aft er 4 min at 5 °C/min to 90 °C, then at 15 °C/min to 235 °C, and then kept for 10 min. Injector and detector temperatures were 160 and 240 °C, respectively. The carrier gas was helium (1.1 mL/min). Internal standard was 1-pentanol, with the concentration in the analytical sample of 162.18 mg/L. A volume of 2 μL was injected in the split mode (1:20) . Compounds were identifi ed by comparing their retention times to those of pure standards. Calibration curves were constructed. The accuracy of the method was checked by the addition of the solution of chemical standards (each compound at 30 mg/L) to a wine sample, and ranged from 95 to 99 % with standard deviation not surpassing 5 % (N=5). Linearity was checked by the analysis of standard solutions of each compound at fi ve diff erent concentrations ranging from 10 to 500 mg/L, and R 2 >0.998 was obtained in all cases.
Odour activity values (OAV) of volatile aroma compounds were calculated as the quotients of their concentration and the corresponding odour perception threshold from the literature.
Statistical analysis
All analyses were performed in duplicates, and mean values were used in further data elaboration. Mean values of concentrations and their standard deviations were calculated from six replicates, i.e. six samples of each investigated group of wines. One-way analysis of variance (ANOVA) was carried out using Microsoft Excel (Microsoft , Seatt le, WA, USA), and least signifi cant diff erence (LSD) test was used to compare the mean values at the level of signifi cance of p<0.05.
Results and Discussion
Physicochemical parameters of wines and concentration of organic acids
The results of the standard physicochemical analyses are presented in Table 2 . As expected, the highest total dry extract was found in the wines produced by prolonged maceration followed by maturation in wooden barrels. Higher volatile acidity in these wines probably resulted from the oxidative conditions during maceration and maturation.
The technology of vinifi cation of these wines included spontaneous malolactic fermentation (Table 1) , which explains the lowest malic and the highest lactic acid concentration in these wines (Table 2) . Similar can be concluded for the low concentration of citric acid in the wines, since it may also serve as a substrate for the growth of malolactic bacteria.
Phenolic compounds, colour parameters and antioxidant activity of wines
Concentration of total phenols, fl avonoids and proanthocyanidins, and vanillin index
The average concentration of total phenols in white wines produced by standard technology with or without one-year maturation (Table 3) was consistent with the concentrations previously found in standard Malvazĳ a istarska (4, 17) and other white wines (1, 18) .
Wines produced by prolonged maceration and maturation contained signifi cantly higher concentrations of total phenols, which is probably primarily a result of their extraction during maceration. The concentrations of total phenols in these wines were lower than those previously found in white wines produced by prolonged maceration but without maturation (7, 19) . This is possibly a result of the reduction of phenols during maturation of wines produced by prolonged maceration due to hydrolysis, oxidation, complexation, as well as adsorption on yeast cells and other macromolecules followed by precipitation, which was described by Baiano et al. (8) and Recamales et al. (18) . Strong negative correlation found between the concentration of total phenols and the total duration of the maturation of wines produced by prolonged maceration and maturation (N=6), with the correlation coeffi cient of -0.74, supports this thesis. Markedly higher concentrations of fl avonoids, and especially proanthocyanidins in these wines (Table 3) are probably the result of their good solubility in ethanol and extraction from grapes into wine during maceration aft er fi nished alcoholic fermentation, as implied in a recent study (20) . The extraction of certain Table 2 . Ranges of standard physicochemical parameters and the concentration of major organic acids in Malvazĳ a istarska wines produced by prolonged maceration during and aft er fermentation followed by maturation in wooden barrels (NMI), standard white wine production technology followed by maturation in bott le for one year (SMI-1), and standard white wine production technology without maturation (SMI) Table 3 . Concentration and ranges of phenols, colour parameters and antioxidant activity of Malvazĳ a istarska wines produced by prolonged maceration during and aft er fermentation followed by maturation in wooden barrels (NMI), standard white wine production technology followed by maturation in bott le for one year (SMI-1), and standard white wine production technology without maturation (SMI) Concentration of phenolic acids and fl avan-3-ols in wine samples Except maceration, other possible causes of the increase of the concentration of phenolic acids in the wines produced by prolonged maceration and maturation in relation to standard wines produced with or without maturation (Table 3) comprise hydrolysis of corresponding esters and release of their free forms (18, 21) , as well as their extraction from wood (22, 23) . Competitive reactions that could have reduced the concentration of phenolic acids include their esterifi cation with tartaric acid to form quinones, hydrolysis, oxidation, and complexation (7, 23) .
Higher average concentrations of fl avan-3-ols in wines produced by prolonged maceration and maturation (Table 3) are in accordance with the fi ndings of a num ber of authors who noted an increase of fl avan-3-ol concentration aft er a certain maceration period (1, 24) . However, in this work strong negative correlation between (+)-catechin and (-)-epicatechin concentration and total maceration duration was found in macerated wines (N=6), with the correlation coeffi cients of -0.85 and -0.71, respectively. Apart from that, (+)-catechin content was found to be inversely proportional to total maturation duration (R 2 = -0.54). On the basis of the results of Ortega et al. (23) , it was presumed that the decrease in fl avan-3-ol concentration during prolonged maceration and maturation was partially caused by its condensation with acetaldehyde as well as oxidation and condensation with glyoxylic acid.
Colour parameters of wines
Wines produced by prolonged maceration and matured in wooden barrels had signifi cantly higher colour intensities of brown hues measured at 420 nm in relation to standard wines produced with or without maturation (Table 3) . This was most likely the result of enzymatic as well as oxygen-assisted chemical browning reactions during fermentation, maceration and maturation, as well as the extraction of diff erent compounds from the wood material into the wine, as noted by others (7, 22, 23) .
Antioxidant activity of wines
Almost six times higher average value of the antioxidant activity found in the wines produced by prolonged maceration and maturation in relation to standard wines produced with or without maturation (Table 3) is comparable even with those found in certain red wines (25) . High positive correlation coeffi cients between antioxidant activity and the concentration of total phenols, fl avonoids and proanthocyanidins were determined in the wines produced by prolonged maceration and maturation (N=6): 0.9018, 0.9490 and 0.8741, respectively, and in standard wines produced without maturation (N=6): 0.9672, 0.6723, and 0.9756, respectively.
Concentration of volatile aroma compounds in the produced wines
Volatile monoterpenes
The composition of monoterpenes in standardly produced wines was in a fair agreement with that previously reported for Malvazĳ a istarska young wine (4,26), while in the wines produced by prolonged maceration and maturation it was signifi cantly diff erent (Table 4) .
Maceration generally favours the extraction of monoterpenes into must, while during maturation of wine their glycosidic precursors hydrolyse and release free volatile forms (4), which probably contributed to the higher content of linalool in the wines produced by prolonged maceration and maturation (Table 4 ). It is possible that a part of monoterpene glycosides decreased during fermentation and prolonged maceration due to precipitation, absorption to yeast cells and solids, as well as hydrolysis, as observed by Zoecklein et al. (27) , and because of oxidation, acid-catalysed conversions, and evaporation during maturation, as noted by other authors (28, 29) . In this context, it is interesting to point out high negative correlation coeffi cients ranging from -0.68 to -0.78 (N=6) found between the concentration of the major monoterpenols linalool, nerol, citronellol and geraniol and the duration of maturation of macerated wines.
The highest amount of α-terpineol in these wines (Table 4) is in line with previous studies which reported that this compound is formed by oxidation of other monoterpenols and increases during wine ageing (28-30).
C 13 -norisoprenoids
The highest concentration of β-damascenone was found in standard wines, while the highest levels of other C 13 -norisoprenoids were found in the wines produced by prolonged maceration and maturation (Table 4 ). This result is in line with the fi ndings by Oliveira et al. (29) , who explained a decrease in β-damascenone concentration during maturation as a consequence of its rapid release from its precursor 3,6,9-trihydroxymegastigma-6,7-diene and reaction with sulphur dioxide. Other authors found a positive correlation of vitispirane, 1,1,6-trimethyl-1,2-dihydronaphthalene (TDN) and actinidol concentration with wine ageing (29, 31, 32) . Except for β-damascenone and actinidols, the correlation between C 13 -norisoprenoid concentration and total maturation duration in the wines produced by prolonged maceration and maturation was very strong with the regression coeffi cients ranging from 0.83 to 0.93 (N=6). A positive correlation was found between all analysed C 13 -norisoprenoids except β-da ma scenone and the duration of maceration of the wines, with the coeffi cients ranging from 0.74 to 0.95 (N=6).
Methanol and higher alcohols
The highest methanol content was found in the wines produced by prolonged maceration and maturation (Table 4), most probably as a result of prolonged maceration. Although high, the levels of methanol in these wines were under the maximum acceptable limit set by the International Organisation of Vine and Wine (OIV) (33) .
Elevated concentrations of higher alcohols found in macerated wines are probably the result of the infl uence of various parameters which were demonstrated to favour their formation: lengthy maceration with aeration, lower partial pressure of CO 2 in wooden barrels in relation to stainless steel tanks, higher fermentation temperature, malolactic fermentation, and slow spontaneous clarifi cation (6,34). Câmara et al. (35) partly explained the increase in higher alcohols during ageing in wooden bar- Table 4 . Concentration and ranges of volatile aroma compounds in Malvazĳ a istarska wines produced by prolonged maceration during and aft er fermentation followed by maturation in wooden barrels (NMI), standard white wine production technology followed by maturation in bott le for one year (SMI-1), and standard white wine production technology without maturation (SMI) Table 4 . -continued rels as a result of hydrolysis of their esters. The same authors hypothesized the possibility of the oxidative deamination of residual free amino acid precursors during maturation, so it is possible that additional quantities of higher alcohols in the wines produced by prolonged maceration and maturation were formed in the barrel and the bott le by the Ehrlich mechanism.
Fatt y acids Evidence exists that maceration and fermentation of unfi ltered must may result in the inhibition of fatt y acid biosynthesis in yeast cells, which consequently have to assimilate them directly from must, resulting in their lower concentrations in wine (36) . Higher oxygen availability in wooden barrels slows down the release of middle-chain fatt y acids from yeast cell walls (6, 37) . A decrease in the concentration of straight-chain fatt y acids during maturation was observed in several studies (35, 38) . It was tentatively explained as a result of the action of residual microorganisms (39) , while the possibility of acid-catalysed autoreduction to yield aldehydes has also been considered (28) . All of the mentioned probably contributed to the signifi cantly reduced straight-chain fatt y acid content in the wines produced by prolonged maceration and maturation in relation to standard wines (Table 4) .
Volatile esters
Signifi cantly lower ester concentrations were found in the wines produced by prolonged maceration and maturation in comparison with the standard wines produced with or without maturation, except for ethyl acetate (Table  4) . Evaporation due to higher temperatures, cap manipulation, and barrel porosity during fermentation and maceration could certainly have had a negative eff ect. Furthermore, the wines produced by prolonged maceration were in contact with lees, which have the ability to absorb esters (6) , as well as to release esterases that hydrolyse them (40) . During maturation, straight-chain esters hydrolyse (35, 41) , which is most probably the main cause of their decrease in the wines produced by prolonged maceration and maturation. Higher concentration of ethyl acetate in these wines is in line with higher levels common for aged wines (35) .
Within the group of the wines produced by prolonged maceration and maturation (N=6), high positive correlation coeffi cients were found between the concentration of branched short-chain esters and the duration of maceration as well as maturation, ranging from 0.66 to 0.79, and from 0.79 to 0.98, respectively. The highest concentrations of ethyl lactate and diethyl succinate, the main malolactic fermentation esters, were found in these wines (Table 4) . Esterifi cation during maturation in order to reach equilibrium concentrations was probably the main cause.
Volatile phenols, benzenoids, furans, lactones and acetals Higher level of ethylphenols and 4-propylphenol in the wines produced by prolonged maceration and maturation (Table 4) was probably a result of the activity of Brett anomyces and Dekkera yeast species which favour aerobic conditions during maturation in wood (41, 42) . Besides that, it was previously found that the formation of ethylphenols positively correlates with maceration duration and temperature (41, 42) . Among benzenoids, 2-ethoxybenzyl alcohol was found only in the wines produced by prolonged maceration and maturation (Table 4) . Significantly higher concentration of furans in these wines (Table 4) is in agreement with previous fi ndings, where furans were found to increase during maturation (35) , which is favoured by the presence of lees and oxygen (6) . The exclusive occurrence of the so-called oak lactones, together with the increased amounts of other identifi ed lactones in the wines produced by prolonged maceration and maturation (Table 4) , most probably originated from wood, as reported previously (42) . Acetals are formed during fermentation, but their content increases most signi fi cantly during oxidative conditions of maturation (35, 42) . In this work, four acetals were tentatively identifi ed solely in these wines (Table 4) . Among them, 2,4,5-trimethyl-1,3-dioxolane and 1,1-diethoxy-3-methylbutane have already been reported as important odourants in wines subjected to oxidation and in matured wines (42) .
The impact of the key volatile aroma compounds Aroma compounds with odour activity values (OAV) higher than 1, calculated on the basis of odour perception thresholds found in literature (43) (44) (45) (46) (47) , and therefore with the direct impact on the aroma of the investigated wines, are listed in Table 5 . Other compounds with OAV generally <1 are not presented.
Although fruity esters, such as ethyl octanoate and hexanoate, were the compounds with the strongest impact in all the investigated groups of wines, their OAVs were much higher in standard wine samples. In fact, these wines were characterised by a typical aroma profi le of young white wines dominated by fruity esters and fatty acids, complemented by a signifi cant contribution of β-damascenone, which corresponds to previous fi ndings on Malvazĳ a istarska wines (26) . Besides a notable impact of straight-chain esters and β-damascenone, the most infl uential odourants in the wines produced by prolonged maceration and maturation were the compounds that originate from wood (lactones and eugenol), compounds oft en associated with fermentative maceration (higher alcohols, linalool), compounds mostly or exclusively generated by species other than yeasts (ethyl acetate, 4-ethylguaiacol, ethyl lactate) or in (semi)aerobic conditions and at higher temperatures (ethyl acetate, ethyl 3-methylbutyrate, isoamyl alcohol), as well as compounds whose concentration typically increases with ageing (ethyl acetate, ethyl 3-methylbutyrate, isoamyl alcohol, TDN, ethyl lactate). The aroma of the wines produced by prolonged maceration and maturation could be less intense due to Table 5 . Odour perception thresholds, odour descriptions, and odour activity values (OAV) of the key volatile aroma compounds in Malvazĳ a istarska wines produced by prolonged maceration during and aft er fermentation followed by maturation in wooden barrels (NMI), standard white wine production technology followed by maturation in bott le for one year (SMI-1), and standard white wine production technology without maturation (SMI)
Compound
Odour perception threshold Odour description OAV μg/L NMI SMI-1 SMI lower OAVs in general (Table 5 ). However, judging by the odour descriptors of the key components which introduced certain atypical nuances into the aroma profi le of Malvazĳ a istarska (Table 5) , it is probably more complex than that of standard wines.
Conclusions
The present investigation showed that the application of an unconventional combination of oenological practices in the production of white wines, including prolonged maceration during and aft er fermentation followed by maturation in wooden barrels, results in unusual composition, which in all probability strongly refl ects on their sensory properties. Such wines exhibited elevated levels of dry extract, volatile acidity, lactic acid and phenols, as well as higher colour intensities when compared to standard wines. In contrast to a typical aroma profi le of young white wines dominated by fruity esters, unconventional wines contained increased concentrations of the majority of monoterpenes, C 13 -norisoprenoids, methanol, higher alcohols, ethyl acetate, branched ethyl esters and esters from hydroxy and dicarboxylic acids, ethylphenols, furans, and acetals, while the content of straight-chain ethyl and acetate esters was drastically reduced. In a number of aspects, the composition of such wines resembled that of aged red wine. Besides the measured drift in colour intensity at 420 nm, possible repercussions on their organoleptic characteristics might include milder acidity due to the replacement of malic with lactic acid, fuller body with more intense bitt erness and astringency originating from the increased levels of phenols, and a less pronounced but more complex aroma, which should all be confi rmed by detailed and systematic sensory evaluation in further research. Judging by analogy with the existing knowledge, it can be roughly stated that maceration had a major impact on phenols, while volatile aromas were more signifi cantly altered by maturation. The unconventional wine samples showed a solid level of homogeneity in the composition representing a distinctive wine type, despite diff erent vintages and technological details. Accentuated antioxidant activity found off ers the possibility to raise awareness about their value in a nutritional sense, and develop new marketing strategies until now mainly reserved for red wines.
